Abstract The residual COD from anaerobic treatment processes is usually too high to comply with legislative discharge levels. It has been shown that in well operated systems the majority of the effluent COD originates from soluble microbial products (SMP) produced by the system itself, hence the characteristics of these compounds become important when assessing post-treatment systems to remove the residual COD. The molecular weight (MW) distribution and the identification of SMP in the effluents from three different anaerobic reactors will be presented. It has been found that the bulk of SMP lies in the low MW range, though compounds with MW as high as 300 kDa were also present in all anaerobic effluents. Preliminary results on the identification of such compounds using GC/MS surprisingly revealed the presence of long chain alkenes (C 12 -C 24 ) and alkanes (C 12 -C 16 ), as well as some aromatic compounds. These compounds that likely come from cell lysis and endogenous decay may not be easily biodegradable, hence their presence in the effluent is likely to cause the residual COD.
Introduction
Anaerobic treatment has already proved to be a reliable and useful option for wastewater treatment, even with low strength wastewaters. However, one of the factors that limit the widespread use of anaerobic technology is the fact that the residual COD present in the effluent from this process is usually too high to meet increasingly tighter environmental legislation, and therefore often requires further post-treatment. It has been demonstrated that for both aerobic and anaerobic treatment only a small fraction of the effluent COD is originally from the influent substrate, and that the majority of the organic material is of microbial origin (Noguera et al., 1994; Schiener et al., 1998; .
The formation of SMP influences the treatment process in many ways. Besides setting the upper limit for treatment efficiencies (Barker and Stuckey, 2001 ) these compounds were found to affect the kinetic activity, flocculation and settling properties of activated sludge as well as being inhibitory to nitrification (Chudoba, 1985) . Evidence that toxicity can be generated in biological systems (Eckenfelder, 1995) raises concern when considering the adoption of biological systems for post-treatment and the reuse of treated wastewaters. Moreover, the employment of biofilms as part of water treatment processes may lead to the release of compounds that may act as precursors of disinfection by-products when chlorine is applied as the primary disinfectant (Carlson and Amy, 2000) .
In general, a considerable portion of the effluents from wastewater systems are rather poorly defined chemically . There are only a handful of papers published on the characterization of effluents from anaerobic reactors, all of which used collective parameters, such as biodegradability and MW distribution, to classify SMP. Studies performed by Schiener et al. (1998) and Hejzlar and Chudoba (1986) suggested that the high MW fraction is comprised of biodegradable heteropolysaccharides which are likely cell lyses products. Urbain et al. (1998) stated that small carbonaceous compounds appearing in the effluent are derived from original substrate whilst the high MW compounds containing nitrogen and carbon are likely to come from endogenous decay, however, the experimental evidence for this is not definite.
Despite the fact that low MW SMPs are predominant in secondary effluents, there is little data available on their characterization within anaerobic systems. The identification of individual compounds, which only seems interesting from an academic standpoint, may be useful for assessing the biodegradability of individual SMP thus addressing the case of their further removal, and to assess whether any pattern emerges. This study was conducted to determine the amount, MW distribution and chemical structure of low-MW SMP present in different anaerobic effluents.
Experimental
Collection of effluents for characterization of SMP. Effluents from 3 different anaerobic reactors were investigated: from a laboratory scale anaerobic baffled reactor (ABR) operating with a sucrose/protein/sulphate feed; from a laboratory scale anaerobic membrane bioreactor (MBR) fed on peptone and meat extract; and from an anaerobic chemostat (CSTR) fed on glucose.
Chemical analysis. Samples of effluent were centrifuged at 13,000 rpm for 10 minutes and then filtered through 0.2 µm disposable filters to remove out any residual biomass. Samples were collected twice and were analysed in triplicate for glucose, volatile fatty acids (VFA) and COD, and SMP determined by difference as follows: SMP (as COD) = soluble COD effluent -[remaining substrate (as COD) + VFA (as COD)] VFA = acetic, propionic, butyric, isobutyric, valeric and isovaleric acid. Substrate = glucose The measurement of COD was based on the "closed reflux, colorimetric method" described in section 5220-D of APHA (1992) . Formate and glucose were determined using a Shimadzu HPLC system with a Polyspher OH HY column (Merck). The other VFAs were detected using a GC-FID system fitted with a Carbograph 1DA column.
Apparent MW distribution using ultrafiltration (UF).
The apparent molecular weight distribution of the effluent COD was determined using ultrafiltration membranes in a stirred cell (Series 8000, Amicon). Five membranes with nominal molecular weight cut-offs of 1 kDa, 10 kDa, 100 kDa, and 300 kDa were used. The four membranes were operated using a parallel method as described in . Results were expressed in terms of % w/w of the total COD.
Apparent MW distribution using size exclusion chromatography (SEC).
Size exclusion chromatography using a Shimadzu HPLC system was used to compare with the results obtained by ultrafiltration. An Aquagel OH-40 column in series with an Aquagel OH-30 column (Polymer Labs) was used with deionised water at a flow rate of 1 ml.min -1 as elluent. The sample volume was 100 µl and the column was maintained at ambient temperature with a UV detector set at either 210 nm, 254 nm or 280 nm for detection of the separated compounds. Unbranched standards of polyethylene oxide and polyethylene glycol were used to calibrate the system. Hence, the results obtained are quoted relative to these linear standards.
Liquid-liquid extraction followed by GC/MS. Three solvents were used as extractants: hexane (log K ow = 3.9), monochloro benzene (log K ow = 2.84) and ethyl acetate (log K ow = 0.73). The extraction method concentrated the samples 120 fold; this was carried out in series at 3 different pHs. 1 ml extracts were then analysed by gas chromatography coupled to mass spectrometry (GC/MS). An HP 5890 series II gas chromatograph fitted with a SGE Phase BPX5 column was used. 0.5 µl of sample was injected with helium set at 1ml/min being used as carrier gas. The injector temperature was 240°C and the oven temperature was set at 100°C for 10 min, then increased to 300°C at 12°C/min and finally held at 300°C for 10 min. The mass spectrometer was used in electron ionisation mode using a Micromass Autospec equipment. EI mass spectra were obtained at an ionisation energy of 70 eV scanning m/z from 600 Da to 40 Da.
Results and discussion
The general conditions of the 3 different reactors are shown in Table 1 . The normalized production of SMP (SMP/S o ) in the ABR and CSTR is between 0.5-3% which is in good agreement with the findings of and . In the MBR effluent, however, SMP counted up to 11.5% of the influent COD and as much as 90.5% of the residual COD was in fact due to SMP. The high VFA concentration in the effluent from the ABR reflects stressful conditions in the system, as a result SMP contributed to less than 20% of the residual COD although up to 2.6% of the influent COD ended up as SMP.
The differences observed in the normalized production of SMP may be explained by the differences in reactor configuration and feed composition. The SMP production followed the series: MBR>ABR>CSTR and it is believed that the higher cell retention times associated with the MBR and ABR may have led to a higher SMP production in these systems. Using radiolabeled compounds Barker and Stuckey (2001) showed that more biomass associate products (BAP) were produced than substrate associated products (UAP) in anaerobic chemostats. It was also showed that BAPs were more difficult to degrade than UAPs. For these reason BAPs are expected to accumulate in the system.
Biomass retention within the system may lead to a higher degree of cell lyses thus enhancing BAP production. In the MBR particularly this seems to be the case. Although it has been shown that SMP production is proportional to the feed strength (Barker and Stuckey, 2001; , the lowest normalized SMP production associated with the CSTR, which was fed the strongest influent COD, may be explained by the lower cell retention time and by the nature of the influent substrate. These results emphasize that SMP production is a complex issue which is affected by many parameters, especially feed strength, feed composition and reactor type. Results from the ultrafiltration analyses presented in Table 2 show that the majority of the SMPs are in the low MW range (<10 kDa) and that, as reported by many authors, the MW distribution seems to be bimodal. In the CSTR effluent, the majority of the residual COD had SMP lower than 1 kDa, this is characteristic of non-stressed systems. However, despite the fact the CSTR was fed on simpler low MW compounds, a significant portion of the effluent COD was due to compounds with MW as high as 300 kDa. The higher MW material is likely to be cell wall fragments, extracellular substances (EPS), nucleic acids, proteins (Manka and Rebhun, 1982; Namkung and Rittmann, 1986 ) and other compounds that leak from the cell during cell lysis. Indeed showed that the high MW fraction of anaerobic effluent increases as a function of the cell retention time. In the MBR effluent, most of the compounds have MWs higher than 1kDa and are likely to be biomass-associated products (BAP) resulting in enhanced cell lysis.
The chromatograms of different anaerobic effluents at 210 nm, 254 nm and 280 nm are shown in Figure 1 . These wavelengths were chosen as 280 nm is reported to detect proteins and humic substances, 254 nm has been shown to exhibit a close relationship with COD determinations, and 210 nm detects VFA .
The results presented seem to confirm the ultrafiltration findings. As shown in the ultrafiltration results the CSTR effluent seems to contain more high MW material than the ABR effluent. Most of the low MW compounds showed poor absorbance at 254 nm and 280 nm, although they absorbed strongly at 210 nm, especially in the CSTR effluent. The high MW compounds present in both the CSTR and ABR effluents absorb strongly at 254 nm and 280 nm suggesting the presence of protein-like material. However, the absorbance is 3-4 times weaker than that observed at 210 nm. This indicates lower accumulation of such proteinous material suggesting their anaerobic biodegradability. Hejzlar and Chudoba (1986) also suggested that polymers that are commonly present in most microbial cells, e.g. nucleic acids, phospolipids and peptidoglycans, are biodegradable. However, results presented by Schiener et al. (1998) suggest that they may take as long as 11 days for their degradation. Fast atomic bombardment (FAB/MS) and matrix assisted laser desorption ionisation time of flight mass spectrometry (MALDI-ToF-MS) were the first techniques used to attempt to identify SMP produced by anaerobic reactors. Effluent samples were filtered through a 1 kDa UF membrane, and the chemical characterization of low MW SMP carried out using FAB/MS and of high MW compounds using MALDI/MS. Unfortunately, very little data was obtained using these techniques. Comparing the FAB and MALDI results of the influent and effluent of the different anaerobic reactors only proved that many peaks observed in the effluent were not present in the influent, and that in fact many compounds were produced by the system itself. Very little fragmentation is enhanced when using these techniques. Therefore identification of the compounds detected was not possible by comparing sample fragment peaks with the mass spectra library.
The most interesting results were found using liquid-liquid extraction followed by GC/MS to identify extractable low-MW SMP. A series of alkenes and alkanes (C 12 -C 16 ), which are known to be recalcitrant, where detected in all anaerobic effluents. These preliminary studies allowed the identification of some aromatic compounds (Figure 2) , and their presence in effluents from anaerobic systems fed on simple and biodegradable substrates is quite interesting. There are no results in the literature on the identification of individual low MW SMP in anaerobic systems for comparison although Barker (1999) suggested the presence of aromatic compounds in anaerobic effluent when analyzing proton nuclear magnetic resonance (H-NMR) spectra. Also such compounds may not be easily degradable during anaerobic digestion, thereby causing the residual COD.
In order to allow detection of thermo-unstable compounds, and to move the detection towards more polar compounds, liquid chromatography-mass spectrometry and LC/FTRI is being attempted. The compounds consistently identified will have their concentrations determined and will be studied to assess their anaerobic biodegradability and hence, by determination, their refractoriness. 
Conclusion
It is clear that the SMP present in anaerobic effluents contributes substantially to reducing the efficiency of the system. Therefore post-treatment systems should target the removal of such compounds rather than the influent substrate. The individual identification of SMP and the characterization by collective parameters such as MW distribution becomes important when assessing post-treatment systems that can be employed. The MW distribution of SMP presented in this study shows that most of them have MWs lower than 1000 Da. Compounds with MWs as high as 300 kDa are also present in the effluent, these are likely to be biodegradable polymers released during cell lyses. Surprisingly, the identification of low MW compounds by means of GC/MS revealed the presence of a series of alkenes and alkanes, and some aromatic compounds. These compounds may be resistant to anaerobic degradation, thereby causing the residual COD.
